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CAILCULATIONS OF CHAMBER LENGTH TO VAPORIZE VARIOUS PROPELLANTS

By Richard J. Priem

SUMMARY

Vaporization rates were calculated for drops of n-heptane, ammonia,
bydrazine, oxygen, and fluorine. The percent propellant vaporized is
correlated with an effective chamber length for variocus spray conditions,
and various engine-design and operating parameters. The results show
that the effective chamber length required to vaporize a given high per-
centage of propellant is the shortest with oxygen and Ilncreases for
fluorine, heptane, ammonia, and hydrazine in that order.

INTRODUCTION

Calculations were reported in references 1 and 2 for the rate of
fuel vaporization in the combustion chamber of a n-heptane - oxygen rocket
engine. How the veporization-raste calculations could be used to predict
combustion efficiencies and to design combustors was also indicated.
The results of these calculations, based on a combustion model in which
vaporlzation of the fuel was rate controlling, showed how various design-
and operating-parameter changes would affect the vaporization rates of
n-beptane drops burning in oxygen. Reference 2 also indicated that a
small number of large drops that do not vaporize completely may be re-
sponsible for much of the loss in rocket-engine performance. Experimental
results obtalned with an engine (ref. 3) using n-heptane as the fuel
agreed with the calculations for sprays having geometric standard devia-
tions of 2.5 and mass medlan drop radii of 70 to 280 microns depending
on the type of inJjector.

This report covers the additional calculations made at the NACA
Lewls leboratory to determine the vsgporization rates of oxygen, fluorine,
ammonisa, and hydrazine in rocket engines. The resullis are presented in
terms of an effective chamber length required to vaporize a given percent
of the propellant. The analysis assumes that the vaporlzing propellant
is burned instantaneocusly at stoichiomeiric conditions. The analysis
further assumes that there is one-dimenslonsal steady-state flow and that
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all dxrops are produced at the injector face and have equal velocities.
The model and equatlons of reference 1 are used to determine the wveloc~-
ity, mass, and temperature of the individusl drops at various distances
downstream.

METHOD

The calculation used the model, the iteration technlque, and the
following equations from references 1 and 2:

Mass-transfer rate,

w = AKpa (1)
Heat-transfer rate,
qy = Ab(T - T,)Z (2)
Drop-heating rate, _
aTy Gy - WA (5)
a6 - msC 1
17Dy
Drop acceleration,
2
ar 3 e | 0
ae =~ 8 pyT

Gas velocity,

=1 - ——— (5)
u‘.f'in Znimi e
Drop-size distribution,
In =S ’
R I (6)
T =T P 2z In o,

For calculation purposes the propellant was assumed to be in five drop-
size groups, which were arbitrarily chosen from equation (6) as those
equal to 10, 30, 50, 70, and 90 percent of the wass in drops smaller
than the drop radius. With a median drop radius of 75 mlcrons and a
standerd deviation of 2.3 the five drop radiil selected by this method

0ZL%
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were 25, 48, 75, 120, and 225 microns. The nunber of drops in each group
wag so chosen that each group had 20 percent of the total mass. The
symbols used in this report sre defined in appendix A.

The equations were solved by an iterative procedure as described
in reference 4, The average physical properties in the mantle surround-
ing the drop were also determined by the method described in reference 4.
Table I shows the design and operating conditions used in the calculations.
Appendix B shows equations used to describe the physical properties for
heptane, ammonia, and hydrazine vaporizing in & gaseous-oxygen atmos-
phere, oxygen vaporizing in a gaseous-heptane atmosphere, and fluorine
vaporizing in a gaseous-hydrogen atmosphere,

RESULTS AND DISCUSSION

The results of the calculations are droplet histories, examples of
which are shown in figure 1. Droplet temperature, droplet velocity,
gas velocity, percentage of mass vaporized, and vaporization rate are
shown at various chamber lengths for n-heptane, ammonlia, hydrazine,
oxygen, and fluorine. The conditions used in the calculgbtions shown
in figure 1 are indicated in table I. The initisl temperature of heptane
and hydrazine was taken at room temperature. Ammonis was arbitrarily
taken at ite normal boiling point while the initial temperature for
fluorine and oxygen corresponds to the normsl boiling point of nitrogen.
The effect of selecting other temperatures and conditions is indicated
in reference 1 and later in the Correlation of Results section.

Temperature Historiles

The temperature histories of the small drops (25 microns), median
drops (75 microns), and large drops (225 microns) in the sprey are
shown in figure 1(a) for five propellants. The calculated temperatures
rise to a steady value corresponding to a wet-bulb temperature., The
wet-bulb temperature snd corresponding vapor pressure are tabulated in
the following table for the various propellants. Also tabulated is the
ratio of the distance required to attain the wet-bulb temperature to
the distance required to vaporize the drop.

Propellant| Wet-bulb |Vapor pressure|lLength to wet bulb
tempera-|at wet bulb, Length to vaporize
ture, 1b/sq in.

°Rr

Heptane 845 133 1/6

BEydrazine 860 165 1/15

Ammonia 555 205 1/15

Oxygen 235 275 1/15

Fluorine 220 255 1/15
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Gas-Veloclty Histories - -

The average velocity of the vaporized_and burned propellant at
various posltions down the chamber is shown in figure 1(b). For all
propellants this gas velocity iInitially increases rapidly and then
asymptotically approaches the final gasg velocity. The gas-veloclty
curves for oxygen end fluorine are sbout the same (liquid oxygen being
slightly higher than fluorine) and were higher than the other three
propellants. The lowest gas velocity curve was obtalned with hydrazine.
The ranking order of propellants with respect to decreasing gas veloc-

%tg at a fixed chamber length was (1) oxygen, (2) fluorine, (3) n-heptane,
4 —— .

ammonia, and (5) hydrazine. :

Droplet-Velocity Histories

Droplet-velocity curves for the small-, medisn-, and large-diameter
drops are shown in figure 1(c) for the five propellaents. The velocity
of the drop when it is 99 percent vaporized is indicated by the solid
gymbol. The lowest velocity at complete vaporization was obtained with
the high-density fluorine. The small drope accelerate faster than the )
larger drops; thus, a mixing effect occurs because of the relative motion
of the drops. : '

Mass Histaries

Curves showing the percent mass vaporized of the small, medlan, and
large drops in the sprey as well as the average for the spray are shown
in figure 1(d) for the five different propellants. The order of the
propellants, based on vaporization rate; was (1) oxygen, (2) fluorine,
(3) n-heptane, (4) ammonia, and (5) hydrazine. The shapes of all the
curves were similar with the exception of n-heptane which crosses the
ammonlse curves. The curves show that in 2_inches the small drops of
all propellants are almost completely vaporized. However, in 2 inches

only a small percentage of the large drops Was vaporized.

Vaporization-Rate Histories

The total-vaporization-rate per unit-length curves (fig. 1(e)) are
similar to those shown in references 1 and 2. There are two peak polnts
and & minimum for each propellant. The highest peak veporization rate
is obtained with fluorine. Second highest peek is with oxygen, third
with ammonia, fourth with heptane, and the lowest peak occurs with hydra-
zine. The peak values occur at different positions in the chanber with
the various propellants. The peak occurs closest to the injector face
with oxygen and fluorine. The peek 1s the farthest from the injector
with heptane and hydrazine. Ammonia falls between the two extremes.

QzLy
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Correlstion of Results

The calculated results obteined for the conditions listed in table T
were correlated for each propellant. Percent mass vaporized and unvapor-
ized curves for sprays having a standard deviation og of 2.3 were
plotted against effective length in flgure 2 for each propellant. This
devigtion represents a spray in which 68.23 percent of the mass is in

the drop-size range between Mé M/ g and dgMg M- The correlation of

results was accomplished by modifying chamber length with a factor to
obtain an effective lengbh.

Lp0-660:40; gx10-5
0.20,1.45 0.75

(1 - T}) Mg,M o

This factor was obtained from crossplots of the lengths required to
vaporize 90 percent of the mass. The correction factor is slightly dif-
ferent from that determined in references 1 and 2. The critical tem-
persture was used to obtain a reduced initial tempersture T.. The term

(1 - T.) was used to indicate that the model of vaporization does not
apply when the initial temperature is greater than the critical tempera-
ture (in this situation Ty > 1 and a negative effective length is ob-

tained). In addition to these changes, it was found that the exponents
on pressure and final gas velocity obtained for heptane in references
1 and 2 4id not fit all propellants; therefore, new exponents were de-
termined for these parameters.

Effective length =

The spread in the effective length required to achleve & given
percent vaporized was greatest in the 20- to 30-percent vaporized region
as was &also found in references 1 and 2. The variatlion in the position
of the inflection point in the mass vaporized curve produced most of
the spread. The plot of percent-mass unvaporized as a function of ef-
fective length gave almost a single curve for each propellant.

Correlated results for various standard deviations of the five
propellants are shown in figure 3. With all propellants, increasing
the standard deviation of the spray increased the effective length re-
quired to veporize a given high percentage of the propellant. The lines
in flgure 3 represent the log mean effective length for vearious operating
conditions. The results of cold-flow spray studies (ref. 5) indicate
that rocket-engine sprays have a standard deviation of about 2.3; there-
fore, the results shown in figure 2 should be appliceble to most rocket-
engine systems. This was verified in the comparison of experimental
and calculated results of reference 2.
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CONCLUDING REMARKS v

Calculations were made to determine the vaporlzation rates of ligquid
drops for n-heptane, ammonla, hydrazine, oxygen, and fluorine. The cal-
culations were made for each propellant wlth various spray conditions,
and various engine-design and operating parameters to show how these
veriables would affect the vaporization rate and chamber length required
to vaporize the drops. The results are correlated by an effective length
for each propellant. The calculstions have shown thet the effective
length required to vaporize a given high percentage of propellant is
the shortest with oxygen and increases for “fluorine, n~-heptane, ammonis,
and hydrazine, in that order. T

Lewis Flight Propulsion Leborstory
National Advisory Committee for Aeronautics
Cleveland, Ohio, June 2, 1958

Tl
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APPENDIX A
SYMBOLS
A surface area of drop, sqg in.
a' constant for mass distribution, S
VZx 1In Og

Cp coefficient of drag for spheres, dimensionless
p specific heat at constant pressure, Btu/(1b) (°F)
b diffusion coefficient, sq in./sec
h heat-transfer coefficient, Btu/(sq in.)(sec)(°F)
K coefficient of mass transfer, sec™t
k thermal conductivity, Btu/(in.)(sec) (°F)
L chamber length, in.
M molecular weight of propellant, Ib/mole
ME,M mass median drop radius, in.
my mass of "i" drop, 1b

mj,, wuass of "i" drop at beginning of time, 1b

number of drops in group of "i" sized drops

i
P chamber pressure, lb/sq in.
P vapor pressure of liquid, Ib/sq in.
G heat-transfer rate of drop, Btu/sec
R percent of mass in drops smaller than "r"
r drop radius, in.

T temperature of gas, °r
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T, critical temperature of propellamt, °R

T temperature of liquid drop, °R )

Ty reduced temperature, Ty o/Tc

T mean gas temperature, °r

) velocity difference between gas and drop, in./sec
u velocity of gas in chamber, in./sec

upy, final veloclty of ges, in./sec

v droplet velocity, in./sec

W vaporization rate of fuel, 1lb/sec

Z correction factor for heat transfer, dimensionless
o correction factor for mass transfer, dlmensionless
g time, sec

A latent heat of vaporization, Btu/lp_

B viscosity, 1b/(in.)(sec)

P density, Ib/cu in.

I geometric standard deviation, ; Zz g — gg{és
Subscripts:

1 liquid fuel

mx vepor wixture

o} initial condition

P combustion products

v vapor mixture

WACA TN 3883

BLY
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APPENDIX B

PHYSICAL PROPERTIES
Heptane with Gaseous Oxygen
Density of ldiguid,

) - 6.945107972, 1p/cu in.

p, = 3.1662x10"% - 9.5355x107°T
Heat of vaporization,

A = 139.9 + 0.16L T; - 2.7875x107%T%, Btu/1p

Specific heat of liquid,

cp,y = 0-23L + 5.62x10™%T; , Btu/(1b)(°F)

Specific heat of heptane wvapor,

cp,v = 0.5755 + 1.805x10™4T, Btu/(1b) (°F)

Specific heat of combustion products,

cp,p = 0.2898 + £.07X10™°F, Btu/(1b)(°F)
Thermal conductivity of heptane vapor,
k, = 2.914x10°° + 5.847x10"F, Btu/(in.)(sec) (°F)
Thermal conductivity of combustion products,

k, = 1.3349x1077 + 3.4111300710T, Btu/(in.) (sec) (°F)

Vapor pressure,

ln p = 11.94763 - 5255.89687/(T; - 101.58), 1b/sq in.

Viscosity of heptane vapor,
by = 2.106x1077 + 7.690x10710F, 1b/(in.) (sec)
Viscosity of combustion products,

bp = 5.5615X1077 + 1.42141079T, 1b/(in.)(sec)
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Diffusion cocefficilent of vapor mixture,

- 6= -9 ey 273
D = [-9.815x00™% + 1.973x10°6T + 1.1319x00~8 (M Z, sq in./sec

" Molecular welght-of combustion products,

M, = 31, lb/mole

Oxygen with Gaseous Heptane
Denglty of liquid,

py = 0.023079 + 2.7359x1074T; - 9.9465x1077T, 1b/cu in.

Heat of wvaporization,

A = 61.332 + 0.5916 T, - 2.48x107°1Z,

Btu/lb
Specific heat of liquid,

cp,1 = 0.3726 + 2.0482x1074T, , Btu/(1b) (°F)

Specific heat of oxygen vepor,
cp,v = 0.21333 + 2.2111X107"T, Btu/ (1) (°F)
Specific heet of combustion products, - -

cp p = 0.2898 + 4.07x10°5T, Btu/(1b)(°F)

Thermael conductivity of oxygen vspor,
k, = 2.6611x1077 + 3.4057x10710F, Btu/(in.) (sec) (°F)

Thermal conductivity of. combustion products,

k, = 1.3349x1077 + 3.4111x10710F, Btu/(in.) (sec)(CF)

Vapor pressure,

_ _ . 1l476.4912
In p = 11.9584 T, - 5.5680)7 Iv/sq in.

102 L%



& (20

3 a

CY-2 back

NACA TN 3883

Viscosity of oxygen vapor,
b, = 2.2500X1077 + 1.1702x107F, 1b/(in.)(sec)
Viscosity of combustion products,

by = 5.5615%10°7 + 1.4214x10~9T, 1b/(in.)(sec)

Diffusion coefficient of vapor mixture,

D =[-2.36396x10°3 + 5.7897x00°5T + 2.87685x107° (1)2] 22, sq in./sec

Molecular welght of combustion products,

M, = 31, 1b/mole

Amonia with Gaseous Oxygen
Density of liquid,

p, = 3.13955x10"2 - 6.0219x107°F, - 2.23169x10797Z, 1b/cu in.

Heat of wvaporization,

A = 676.362 + 0.32247 Ty - 1.210x107T£, Btu/lb

Specific heat of liquid,

e, 5 = 0.8314 + 5.7993x10~%T;, Btu/(1p) (°F)

P,
Specific heat of ammonis vapor,

Cp, v = 0.6095L + 8.31361x10"°T, Btu/(1b) OF)

Specific heat of combustion products,
cp,p = 0.403578 + 6.996x1075T, Btu/(1b) (°F)
Thermal conductivity of ammonia vapor,

ky = 4.6853x1077 + 3,551x10~*0F, Btu/(in.) (sec) (°F)

11
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Thermal conductivity of combustion products,

k, = 5.10692x107° + 7.616145x107 10T, Btu/(1n.) (sec) (°F)

Vapor pressure,

1n p = 13.1485 - (73899‘209 1b/sq in.

T, - 58.2354)’

Viscosity of ammonia vapor,

by = 1.07097x1078 4 8.11607x10710F, 1b/(in.)(sec)

Viscosity of combustion products,

by = 1.64352x107 7 + 2.45252x1079T, 1b/(in.) (sec)

Diffusion coefficient,

D = (-4.87304X10"2 + 4,01198X107°T - 8.358x10~10F2) §%9, 8q in./sec

Molecular weilght of combustion products,:

M, = 24, lb/wole

Hydrazine with Gaseous Oxygen

Density of liquid,
py = 3.062318X1072 + 4.028897><10‘5TZ - 5.54521x10‘8T§, 1b/eu in.

Heat of vaporizsation,

A = 750,747 - 0.3591305 T, + 1.214X1074TZ, Btu/Ib

1
Specific heat of liguild,

cp,7 = 0.589125 + 2.80708x1074T, , Btu/(1b) (°F)

Specific heat of hydrazine wvepor,

cp,v = 0.3360 + 1.804x10°4T, Btu/(1v)(°F)

0ZL%
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Specific heat of combustion products
2
o p = 0.403578 + 6.996x107°T, Btu/(1v) (°F)
Thermel conductivity of hydrazine vapor,
ke = 1.23753x1078 + 2.230356x10710T, Btu/(in.) (sec)(OF)
Thermal conductivity of combustion products
2
kp = 5.10692x107° + 7.616145x10710T, Btu/(in.) (sec) (°F)

Vepor pressure,

i 7363,22
In p = 14.328787 - (T, - 63.1713)°

1b/sq in.

Viscosity of hydrazine vapor,

by = 4.19981x10°8 + 9.581164x10719F, 1b/(in.) (sec)

Viscosity of combustion products,
W, = 1.64352x1077 + 2.45252X10 ", 1b/(in.)(sec)
Diffusion coefficient of vapor mixture,

D = (-5.3537x10"% + 3.13874x10-6T + 3.37045x10-9T2) 3—129, sq in./sec

Moleculer welght of combustion products,

M, = 24, 1b/mole

Fluorine with Gaseous Hydrogen

Benslty of liquid,

Py = 6.846X1072 - 5.036x1075T, - 3.9308x10"7TZ, Ib/cu in.
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Specific hest of 1liquid,

cp,7 = 0.349 + 1.212x1041;, Btu/(1b) (°F)

Specific heat of fluorine vspor,

¢, = 0.223994 + 1.667x10"5T, Btu/(1b) (°F)
J

Specific heat of combustion products,

¢ _ = 0.32332 + 2.068x10~5T, Btu/(1b) (°F)

2

Thermel conductivity of fluorine vapor,
k, = 2.7606x10™7 + 3.47122x10710T, Btu/(in.)(sec)(°F)

Thermgl conductivity of combustion products,
k, = 1.0765x10~7 + 4.31280xL0~10F, Btu/(in.) (sec)(°F)

Vapor pressure,

1482,9545
ln p = 12.3171 - T4, - 2.5665)” 1b/sq in.

Viscosity of fluorine vapor,
by = 1.2591x1076 + 1.584x107T, 1b/(in.)(sec)
Viscosity of combustion products,
bp = 2.60098x1077 + 1.04178x107%T, 1b/(in.)(sec)
Diffusion coefficient of vepor mixture, _
D = [-4.5732x107% + 1.078x10"5F + 5.421x1079(T)Z] §%9, sq in./sec
Molecular welght of combustion products,

M, = 20, 1b/mole

82484



S S

NACA TN 3883 15

1.

REFERENCES

Priem, Richard J.: Propellant Vaporization as a Criterion for Rocket-
Engine Design; Calculations of Chamber Length to Vaporize a Single
n-Heptane Drop. NACA TN 3985, 1957.

Priem, Richard J.: Propellant Vaporization as a Criterion for Rocket-
Engine Design; Calculatlons Using Various Log-Probebllity Distri-
butions of Hepbane Drops. NACA TN 4098, 1957.

Heldmenn, M. F., and Auble, C. M.: Injection Principles from Conbus-
tion Studies in a 200-Pound-Thrust Rocket Engine Using Liquid Oxygen
end Heptane. NACA RM E55C22, 1955.

El Wakil, M. M., Uyehara, O. A., and Myers, P. S.: A Theoretical
Investigation of the Heating-Up Period of Injected Fuel Droplets
Vaporizing in Air. NACA TN 3179, 1954.

Ingebo, Robert D.: Drop-Size Distributions for Impinging-Jet Breakup
in Airstreams Simulating the Velocity Conditions in Rocket Combustors.
NACA TN 4222, 1957.



TABLE I. - RANGE OF CONDITIONS USED FOR CALCULATICHS
Tnitial drop tempersture, °R|Masgs  |Geo- Initisl |Final Chamber
median metric\ dxrop gas pressure,
Hep- |Ammo~| Hydre~- | Oxy~| Fluo-| drop stend- = |velocity,| velocity, D,
tene Inia |zine |[gen |rine |radius, |ard de- Vor Ups s lb/sq ka
n
Mg s viation, in./sec in. /sec
microns| g
400 300 75 2.3 1200 9,600 300
8500 |2400 |®500 |®140|%140 | 75 82.3 81200 29,600 | %300
25 ) - 1200 9,600 300
15 1.0 1200 9,600 300
1.54 1200 | . 9,600 300
._ ] 2.3 600 9,600 300
4. ; )
; . 1200 2,400 300
9,600 150
600
19,200 300
[ 2400 9,600 300
Y 3.8 1200 9,600 300
1 Y 1 Y 1 225 2.3 1200 9,600 300
700 | 500 | 700 220 220 15 2.5 1200 9,600 300

SConditions uped for calculations presented in figs. 1 to 5.
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Pemperature, °R

C 03-3 4720 .
200
L —— — g ey —
800 ad p A
7

/1{ /f// ;. —— Fluorine

4 ¥ S—
700 /1 /) / / ———— Ammonis |

/ / ’// Vi ~————— Eydrazine

i p
¥ )
- /4 -
“_a /H’
el 4 yd /1
7 L i
! / 7
/ 1’ /]
/ 7 7
4.00/
300
. A1 1T T P Sl imvallons St ol Rl oy T =i T I
Z00 p—£ v
Droplet initlal redius, Droplet initial radius, Droplet initial redius,
25 microns 75 microns 225 mierons
4
200 I
o 1 .8 3 0 .5 1.0 1.5 2.0 0O 2 4 8 8 10

Chamber lengbth, in.

(a) Droplet-temperature histories.

- . | L. PO
£ = by = LYPLCHIL LBEL LLNLOrILes L

e

____wa__a

I

a_now -

various propellants (see table I for conditions).

£88% NI YOVN

It



Ges velocity, in./sec
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Figure 1. - Contimed. Typical droplet histories for various propellents (see teble I for conditions).
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Droplet velocity, in./sec
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Figure 1, - Continued. Typical droplet histories for various propellants (see tsble I for conditions).
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Vaporization, percent
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Figure 1. - Continued. Typlesl droplet hisbarles for various propellants {see teble I for conditions).
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Figure 2. - Correlated results for propellant with stardard devietion of 2.3.
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Figure 2. - Cootinued, ‘Correlated rasults for propellant with standard deviation of 2.5.
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Figure 2. - Continued. Correlated results for propellant with stendard devistion of 2.5.
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Figure 2. -~ Continued. Correlated results for propellant with standard deviation of 2.3.
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Figure 3. - Comtimued. CorTelsted results for sprays with various stendard deviations.
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Figure 3. - Concluded. Correlated results for sprays with various standard deviations.
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